The spatial organization of chromatin can be subject to extensive remodeling in plant somatic cells in response to developmental and environmental signals. However, the mechanisms controlling these dynamic changes and their functional impact on nuclear activity are poorly understood. Here, we determined that light perception triggers a switch between two different nuclear architectural schemes during Arabidopsis postembryonic development. Whereas progressive nucleus expansion and heterochromatin rearrangements in cotyledon cells are achieved similarly under light and dark conditions during germination, the later steps that lead to mature nuclear phenotypes are intimately associated with the photomorphogenic transition in an organ-specific manner. The light signaling integrators DE-ETIOLATED 1 and CONSTITUTIVE PHOTOMORPHOGENIC 1 maintain heterochromatin in a decondensed state in etiolated cotyledons. In contrast, under light conditions cryptochrome-mediated photoperception releases nuclear expansion and heterochromatin compaction within conspicuous chromocenters. For all tested loci, chromatin condensation during photomorphogenesis does not detectably rely on DNA methylation-based processes. Notwithstanding, the efficiency of transcriptional gene silencing may be impacted during the transition, as based on the reactivation of transposable element-driven reporter genes. Finally, we report that global engagement of RNA polymerase II in transcription is highly increased under light conditions, suggesting that cotyledon photomorphogenesis involves a transition from globally quiescent to more active transcriptional states. Given these findings, we propose that light-triggered changes in nuclear architecture underlie interplays between heterochromatin reorganization and transcriptional reprogramming associated with the establishment of photosynthesis. plant development | photomorphogenesis | light signaling | nuclear organization | heterochromatin C hromatin allows dense packaging of chromosomal DNA into a small and constrained nuclear space. It also serves as a structural framework for regulatory processes that control the functional status of genome domains with variable sizes, notably by dynamically influencing the subnuclear partitioning of generich and repeat-rich domains within euchromatic and heterochromatic regions, respectively (reviewed in refs. 1-3). These chromatin-based processes impact plasticity in the regulation of nuclear programs during both vegetative and reproductive phases of the plant life cycle (recently reviewed in refs. 4-8). In many cases, such events combine local chromatin variations with prominent changes in nuclear architecture and higher-order chromatin organization.
The spatial organization of chromatin can be subject to extensive remodeling in plant somatic cells in response to developmental and environmental signals. However, the mechanisms controlling these dynamic changes and their functional impact on nuclear activity are poorly understood. Here, we determined that light perception triggers a switch between two different nuclear architectural schemes during Arabidopsis postembryonic development. Whereas progressive nucleus expansion and heterochromatin rearrangements in cotyledon cells are achieved similarly under light and dark conditions during germination, the later steps that lead to mature nuclear phenotypes are intimately associated with the photomorphogenic transition in an organ-specific manner. The light signaling integrators DE-ETIOLATED 1 and CONSTITUTIVE PHOTOMORPHOGENIC 1 maintain heterochromatin in a decondensed state in etiolated cotyledons. In contrast, under light conditions cryptochrome-mediated photoperception releases nuclear expansion and heterochromatin compaction within conspicuous chromocenters. For all tested loci, chromatin condensation during photomorphogenesis does not detectably rely on DNA methylation-based processes. Notwithstanding, the efficiency of transcriptional gene silencing may be impacted during the transition, as based on the reactivation of transposable element-driven reporter genes. Finally, we report that global engagement of RNA polymerase II in transcription is highly increased under light conditions, suggesting that cotyledon photomorphogenesis involves a transition from globally quiescent to more active transcriptional states. Given these findings, we propose that light-triggered changes in nuclear architecture underlie interplays between heterochromatin reorganization and transcriptional reprogramming associated with the establishment of photosynthesis.
plant development | photomorphogenesis | light signaling | nuclear organization | heterochromatin C hromatin allows dense packaging of chromosomal DNA into a small and constrained nuclear space. It also serves as a structural framework for regulatory processes that control the functional status of genome domains with variable sizes, notably by dynamically influencing the subnuclear partitioning of generich and repeat-rich domains within euchromatic and heterochromatic regions, respectively (reviewed in refs. 1-3). These chromatin-based processes impact plasticity in the regulation of nuclear programs during both vegetative and reproductive phases of the plant life cycle (recently reviewed in refs. [4] [5] [6] [7] [8] . In many cases, such events combine local chromatin variations with prominent changes in nuclear architecture and higher-order chromatin organization.
Spatial chromatin organization is well exemplified by the extreme cases of transcriptionally silent chromocenters that contain the majority of ribosomal DNA repeats, such as the (peri)centromeric domains of mice and several plant species that include transposable elements (TE) and non-TE repeated sequences (9, 10) . In species like Arabidopsis thaliana with no Rabl chromosomal configuration, the condensation of heterochromatin within chromocenters is thought to stabilize chromatin organization in interphase nuclei (reviewed in refs. 3 and 11) . Centromeres are mainly positioned at the nuclear periphery, whereas telomeres are at the centrally localized nucleolus (12) , and euchromatin domain loops of variable sizes are thought to emanate from each of these anchoring points (13) . However, there is little evidence for a preferred positioning of euchromatic domains relative to each other, except for the regions bearing transcriptionally active 45S ribosomal genes that associate with the nucleolus (3) .
As a case in point, major heterochromatic domains are largely dispersed away from chromocenters during artificial de-differentiation of mesophyll plant cell protoplasts (14) . Such massive changes have suggested a functional link between higher-order chromatin organization and cell identity. More generally, coincidental large-scale heterochromatin rearrangements and genome expression reprogramming is a recurrent theme during plant developmental transitions (reviewed in refs. 2, 11, and 15-17) . In somatic cells, massive changes in nuclear architecture occur during developmental switches, such as seed maturation and germination, flowering, and senescence (18) (19) (20) (21) (22) . Cotyledon cells
Significance
Nuclear organization and genome expression are subject to massive reprogramming during most developmental transitions. The mechanisms triggering them in response to environmental stimuli are only poorly understood. Here we describe that dynamic changes in higher-order nuclear organization occurring in cotyledons (embryonic leaves) upon germination are impacted by light availability in the plant Arabidopsis thaliana. Upon light perception, master regulators of the light signaling pathway trigger rapid and massive nuclear expansion, condensation of large chromatin domains, and increased transcriptional activity of genes. These findings establish a foundation for deciphering the relationships between topological genome organization and transcriptional regulation associated with the establishment of photosynthesis.
(embryonic leaves formed at the late globular stage) undergo large nuclear size variations and heterochromatin rearrangements in a three-step process throughout early plant development: (i) during seed maturation, nuclear shrinkage and chromatin condensation likely represent an adaptation to dessication (21); (ii) upon imbibition (the rehydration process before seed germination), nuclear size rapidly increases coincidentally to, but independently of, extensive heterochromatin decondensation (21); and (iii) sequential relocation of heterochromatin domains such as pericentromeric, as well as 5S and 45S rDNA repeats near to centromeric repeats, finally results in the establishment of ∼one or two chromocenters per chromosome type (i.e., 8-10 chromocenters in fully developed cotyledons) (20, 21) .
Formation and maintenance of condensed heterochromatin states most notably involve high levels of DNA cytosine methylation, histone posttranslational modifications such as dimethylation of histone H3 at lysine 9 (H3K9me2), the regulation of linker histone H1 density, and the replacement of canonical histones by histone variants, such as H2A.W (23) (24) (25) (26) . Notwithstanding these observations, the mechanisms dynamically controlling spatial chromatin rearrangements and their functional impact on nuclear activity, and in particular on gene expression during development or in response to external cues, are only poorly understood in plants and other systems (reviewed in refs. 2, 8, 11, and 27) .
In this study we questioned whether nuclear architectural changes occurring in cotyledon cells during early seedling development are influenced by light signals. In this context, light perception determines the switch between skoto-and photomorphogenesis, two developmental programs with massively distinct gene-expression profiles in these organs (28, 29) . Under light conditions, photoreceptors, with the aid of downstream signaling components, trigger the differentiation of closed and unexpanded cotyledons into the first photosynthetic organs in a process referred to as greening or de-etiolation (reviewed in refs. [30] [31] [32] [33] [34] . During cotyledon deetiolation, chloroplast biogenesis and cell expansion correlate with a slight increase in DNA ploidy levels through increased endoreduplication (29) , a process that can influence nuclear size (35) . Hundreds of light-responsive genes are rapidly subjected to local chromatin state variations during this transition (reviewed in refs. [36] [37] [38] . Establishment of transcriptionally permissive chromatin states at hundreds of light-inducible genes by acetylation and methylation of histone H3 at specific residues (e.g., H3K9ac and H3K4me3) and ubiquitination of histone H2B are associated with gene induction (39) (40) (41) (42) , and this is notably required for their optimal up-regulation (39) . De-etiolation therefore represents a developmental window well suited for studying massive and cell division-independent chromatin changes.
We report that day 3 of germination represents a developmental switch when nuclear expansion and heterochromatin condensation can be initiated in cotyledon cells following light perception. In darkness, the establishment of "mature" nuclear morphology is repressed by the photomorphogenic regulators DE-ETIOLATED 1 (DET1) and CONSTITUTIVE PHOTOMORPHOGENIC 1 (COP1), whereas upon exposure to light cryptochrome-dependent photoperception releases nucleus expansion and large-scale heterochromatin condensation. Establishment of these distinct nuclear phenotypes correlates with different global RNA Polymerase II (RNA Pol II) transcriptional activity and may also impact transcriptional gene silencing (TGS) efficiency.
Results
Light-Dependent and Organ-Specific Nuclear Organization During Seedling Development. To assess the effect of light on nuclear phenotype changes in cotyledon cells during germination, nuclear size and heterochromatin organization were examined at 1, 2, and 3 days postimbibition (dpi) in plants grown in darkness or under white light. The nuclear size of cotyledon cells was small (∼7 μm 2 ) at 1 dpi and progressively increased to ∼20 μm 2 at 3 dpi in both conditions (Fig. S1 ). DAPI staining, DNA-FISH of pericentromeric regions, as well as 5-meC immunolabeling analyses further showed massive and progressive relocation of heterochromatin from two to three conspicuous chromocenters to the nuclear space, as described previously under light (21). Here we observed similar changes under dark conditions (Fig.  S2 ), indicating that cotyledon nuclei undergo developmentally controlled architectural changes irrespective of light perception during germination.
Nuclear phenotypes were further examined at 5 dpi. At this later stage, photomorphogenesis is characterized by cell expansion and chloroplast biogenesis in cotyledons and repression of cell elongation in the hypocotyl. Light-grown cotyledons displayed large nuclei of 49 ± 16 μm 2 (132 ± 9 μm 3 ) and 8-10 chromocenters, as previously described (20) , whereas etiolated cotyledon nuclei were much smaller (12 ± 4 μm with few discrete DAPI-stained heterochromatic foci resembling chromocenters (Fig. 1) . Quantification of the relative heterochromatin fraction (RHF; i.e., the proportion of DAPI-stained nuclear DNA retained in chromocenters) (23) , indicated lower heterochromatin condensation (mean value ∼7%) in etiolated than in light-grown cotyledons (∼13%), which display heterochromatin patterns similar to that of leaf mesophyll cells (Fig.  S3) . Accordingly, pericentromeric FISH signals protruded away from the few DAPI-stained foci in most etiolated cotyledon nuclei (Fig. 1) . Extensive heterochromatin relaxation in etiolated cotyledons was further supported by the dispersed distribution of methylated DNA in multiple signals throughout the nuclear space. In contrast to pericentromeric domains, 180-bp centromeric repeats were condensed within 6-10 discrete foci. This was also the case for some of the H3K9me2 signal (Fig. 1E ). These observations indicate that heterochromatin is present primarily in a decompacted state in etiolated cotyledon nuclei. Although they are poorly detectable by DAPI staining, individualized chromocenters nonetheless appear to be organized around centromeric regions in these small nuclei. The variation in nuclear size and heterochromatin patterns among the nuclei populations was confirmed in vivo, by imaging of YFP-tagged histone H2B in intact cotyledons (Fig. 1G ). Taken together, these observations indicate that light-dependent changes in chromatin organization and nuclear size in cotyledon nuclei are visible from 3 dpi. Furthermore, nuclear expansion and the establishment of 8-10 chromocenters bearing most of the heterochromatin are completed by 5 dpi during photomorphogenesis but not during skotomorphogenesis.
Given that during skoto-and photomorphogenesis hypocotyl cells also display drastically different morphologies, gene expression programs, as well as ploidy levels (43, 44) , nuclear phenotypes were further monitored in this organ. No significant disparity in nuclear size, chromocenter number, or RHF could be detected between dark and light conditions at 5 dpi (Fig. S4 ). Light therefore triggers nuclear architectural programs in an organ-and cell-specific manner. In darkness, this program is characterized by retardation of both nuclear growth and low heterochromatin condensation in cotyledon cells.
Nuclear Reorganization During a Dark-to-Light Shift. To assess the kinetics of changes in nuclear architectural changes during cotyledon photomorphogenesis, dark-grown seedlings were transferred to light for 1 or 24 h before being harvested ( Fig. 2 A and B). Nuclear size was increased significantly after 1 h (∼1.4-fold on average), and reached ∼2.4-fold after 24 h ( Fig. 2 C and D) . In addition, the number of discrete DAPI-stained chromocenters increased progressively, with almost mature levels of chromocenter numbers and RHF after 24 h (Fig. 2C and Fig. S5 ). On the other hand, nuclear size increase and the relocation of heavily methylated DNA regions to chromocenters were more gradual ( Fig. 2 C-E) . As expected from the nuclear phenotype at 3 and 5 dpi, centromeric domains were constantly condensed within discrete foci during the transition. Again, this finding contrasted with the dynamic chromocenter profile monitored by DAPI staining (Fig. 2F) . We conclude from these analyses that light exposure is a trigger for massive changes in nuclear architecture, and that dynamic condensation of different heterochromatin domains within chromocenters follows distinct kinetics.
Chromocenter formation is almost complete after 24 h of light, whereas nuclear growth and the condensation of some heterochromatic regions require longer exposure to light.
Light Signaling Components Control Nuclear Architecture Reorganization
During Cotyledon Development. To find out which factors in light signaling pathways influence nuclear architectural changes during cotyledon photomorphogenesis, wild-type and cryptochrome 1/2, as well as phytochrome A or phytochrome B photoreceptor mutant plants were grown in darkness for 4 days and shifted to monochromatic blue, far-red, or red light, respectively, for 24 h to induce de-etiolation (Fig. 3A) . In contrast to red and far-red light that triggered no apparent changes, blue light appeared as efficient as white light in inducing nuclear size increase and chromocenter formation. Strikingly, the nuclear changes were abolished in cry1cry2 double mutant seedlings (Fig. 3 B and C) . We conclude that during de-etiolation, blue light induces nuclear architectural changes via cryptochrome photoreceptors.
We then investigated the impact of photomorphogenesis regulators acting downstream of the photoreceptors on the establishment of dark-and light-type nuclear phenotypes. First, we examined the effect of mutations in DET1 and COP1, two major repressors of photomorphogenesis acting as light signaling integrators (45) (46) (47) (48) . As previously reported, dark-grown det1-1 and cop1-4 seedlings were de-etiolated with open and expanded cotyledons (Fig. 3D) . Despite this morphology, their cotyledons displayed small nuclei of similar size to those of etiolated wildtype plants. In contrast, they contained an increased number of conspicuous chromocenters (Fig. 3 E and F) . Dark-grown cop1-4 and det1-1 mutant plants therefore display condensed heterochromatin in cotyledon cells, mirroring their constitutive photomorphogenic phenotype. Consequently, in darkness DET1 and COP1 are required to maintain a decondensed state of heterochromatin, but they are not involved in nuclear expansion. Of note, adult leaves of det1-1 plants also display dwarf nuclei with high heterochromatin condensation levels (Fig. S3) . Apparently, impaired nuclear architecture may therefore represent an intrinsic property of this mutant, and DET1 may further influence heterochromatin states at later developmental stages.
The LONG HYPOCOTYL 5 (HY5) transcription factor is another master regulator of photomorphogenesis acting downstream from light perception (33) . Steady-state levels of the HY5 protein are negatively controlled by COP1 (49), and consequently hy5 mutations result in the partial suppression of cop1 mutant phenotypes (50) (Fig. 3D) . Analysis of nuclear phenotypes in the cotyledons of cop1-4hy5-215 double-mutant seedlings revealed that chromocenter number was frequently intermediate between that of dark-grown cop1-4 and light-grown wild-type seedlings (Fig. 3F) . This finding suggests that the effect of cop1-4 mutation on heterochromatin phenotypes of etiolated nuclei is mediated, at least in part, by HY5. Consequently, we can conclude that the inhibitory effects of COP1 and DET1 as well as the promoting effect of HY5 on photomorphogenesis also apply to heterochromatin properties.
Increased RNA Pol II Transcriptional Activity in Photomorphogenic Cotyledon Nuclei. Dynamic changes in cotyledon nuclear architecture during dark to light transitions might relate to the transcriptional reprogramming that occurs during de-etiolation, and possibly also to large-scale changes in nuclear activity. More precisely, we hypothesized that the poorly differentiated nuclear phenotype of etiolated cotyledons might possibly be mirrored functionally by a distinctive global transcriptional activity. To test this, overall RNA Pol II transcriptional activity was determined by quantifying the proportion of elongating (phosphorylated Serine 2, S2P) versus poised (nonphosphorylated, NP) RNA Pol II forms in individual cotyledon nuclei isolated from dark-and light-grown seedlings (51, 52) . Because ploidy levels significantly increase during cotyledon de-etiolation (29) and are positively correlated with the amount of RNA Pol II (53, 54) , measurements of S2P and NP RNA Pol II signals were obtained separately for the nuclei of each ploidy class (Fig. S6) . The results revealed that the ratio of elongating versus poised RNA Pol II was significantly higher (estimated factor 2.6) under light than under dark conditions. The difference was more pronounced in nuclei with high DNA content (Fig. 4) .
Attenuated TGS in Etiolated Cotyledon Nuclei. Decondensed heterochromatin states have been observed in plants impaired in DNA methylation or in histone deacetylation activity (23) , and this usually associates with deficient TGS (reviewed in ref. 55 ).
Notwithstanding, it is unclear whether heterochromatin relaxation is responsible per se for a release of transcriptional repression, for example by influencing the repositioning of loci to more transcription-prone areas in the nucleus. To explore the possible functional impact of heterochromatin decondensation on silencing efficiency during cotyledon development, we monitored the transcriptional status of a TE element subjected to TGS. In the LTR AtGP1 ::GUS plant line, a long terminal repeat (LTR) fragment of the AtGP1 gypsy retrotransposon controls the expression of the β-glucuronidase (GUS) coding sequence (56) . In both dark and light conditions, the GUS activity was weak at 1 dpi but transiently increased at 2 and 3 dpi (Fig. 5A) . At 5 dpi blue cells were restricted to the shoot apex and to the apical region of the cotyledons during photomorphogenesis. In contrast, in darkness, GUS activity remained stable throughout the cotyledons up to 5 dpi. Similar results were reproducibly observed with a second TGS reporter line (57) , which carries seven tandem repeats of the SDC gene promoter (Fig. S7A) . The variations in GUS activity between etiolated and photomorphogenic cotyledons cannot be accounted for by different mitotic indexes, because no significant expression of a cyclin-based CYCB1;1::DB-GUS translational fusion that reports G2-M transition (58) could be detected in cotyledons in either growth condition (Fig. S7B ), in agreement with previous observations (29) . We further assayed LTR AtGP1 ::GUS expression during de-etiolation by transferring 4-d-old etiolated seedlings to white light for 24 h (Fig. 5B) . We conclude that light exposure promotes the efficient establishment of AtGP1 LTR silencing during this developmental phase, which coincides with the condensation of heterochromatin.
To test whether this TGS process was genetically coupled to heterochromatin condensation, the LTR AtGP1 ::GUS transgene was introgressed into det1-1 mutant plants that establish chromocenters in darkness. The GUS activity was reproducibly much weaker in det1-1 than in wild-type cotyledons in darkness (Fig.  5A) , suggesting that det1-1 cotyledons exhibit efficient silencing of the transgene upon growth in darkness. Taken together, these data support the view that condensation of heterochromatin and TGS are light-stimulated concurrent processes during seedling development.
Heterochromatin Rearrangements and Attenuation of TGS Are
Independent of Local DNA Methylation Changes. Given that LTR AtGP1 ::GUS transcriptional activity is controlled by RNAdirected DNA methylation (RdDM) (56), we questioned whether release of silencing at this locus could be triggered by differential regulation of the DNA methylation or TGS pathways. Transcript levels of representative genes involved in silencing-associated chromatin modifications or in the biogenesis of short interfering RNAs were analyzed in dissected dark-or light-grown cotyledons. Transcript levels of most tested genes were low in etiolated compared with photomorphogenic cotyledons, including for the genes encoding the maintenance DNA methyltransferases MET1 and CMT3 as well as the DNA demethylase ROS1 (Fig. 6A) . Of note, the de novo methyltransferase DRM2 gene was expressed similarly in both samples.
These observations suggest that decreased DNA methylation maintenance might be responsible for LTR AtGP1 ::GUS reactivation in darkness. We therefore determined the DNA methylation pattern of the AtGP1 LTR transgene by sequencing of bisulfite-treated DNA from dissected dark-and light-grown cotyledons. No significant difference was detected between the two conditions ( Fig. 6B and Fig. S8A ). DNA methylation levels in all contexts (i.e., CG, CNG, and CHH) were also comparable to those of endogenous AtGP1 LTR fragments previously reported (59) for light-grown seedlings (Fig. S8B) . We conclude that the LTR AtGP1 transgenic locus had therefore been efficiently subjected to DNA methylation upon its integration in the genome, and that variations in transcriptional activity might not rely on a DNA methylation-based process.
To further assess the influence of DNA methylation on LTR AtGP1 transcriptional activity, we examined the effect of the chemical inhibitor zebularine. Zebularine can trigger the reactivation of transcriptionally silenced genes with a ∼15-25% local reduction in DNA methylation levels (60) . Bisulfite analysis of cotyledon DNA confirmed a similar decrease in DNA methylation levels in all sequence contexts at the LTR AtGP1 locus upon incubation with zebularine in both dark-and light conditions (Fig.   S8C ). As expected, treatment with zebularine efficiently released LTR AtGP1 ::GUS activity. Interestingly, the effect was reproducibly more pronounced in etiolated than in photomorphogenic cotyledons (Fig. 6C) . The additive effects of zebularine and dark treatments on GUS activity suggest that DNA methylation-dependent processes were active in lowering GUS transcription in the dark. Therefore, we concluded that LTR AtGP1 ::GUS activation in etiolated cotyledons cannot be accounted for by local DNA hypomethylation.
To determine whether variations in DNA methylation might nonetheless underlie large-scale heterochromatin decondensation, bisulfite sequencing and McrBC-PCR analyses were extended to endogenous repeat elements, such as centromeric 180-bp repeats, a dispersed 180-bp single-copy, pericentromeric 106B repeats, and other types of TEs in dissected cotyledons. None of the tested loci displayed significant differences in DNA methylation levels between the two conditions (Fig. 6 D-F and  Fig. S9 ). Spatial relaxation of heterochromatic elements in etiolated cotyledons therefore does not rely on significant reductions in local DNA methylation. This is counter intuitive with our observation that key genes for DNA methylation are down-regulated in etiolated cotyledons. One possibility is that DNA methylation at the tested loci is established earlier and maintained passively in the absence of DNA replication during cotyledon development. Alternatively, the responsible proteins and small RNA RdDM factors may be synthesized earlier (e.g., inherited from embryonic cotyledons) and maintain their activity in etiolated cotyledons.
Discussion Nuclear Rearrangements and Increased Transcriptional Activity During
Cotyledon Photomorphogenesis. In this study, we report that light perception has a profound impact on the developmental control of nuclear organization dynamics during seedling establishment. Nuclear size increase and heterochromatin condensation in cotyledon cells are initially independent of light perception during the first 3 d of germination. In contrast, later steps of nuclear expansion and the condensation of heterochromatic domains into 8-10 Fig. 7 . Model depicting the impact of light on nuclear architectural changes during cotyledon development. Dynamic reorganization of nuclear size and heterochromatin condensation in cotyledon cells is independent of light perception during germination (1-3 dpi). After 3 dpi, photomorphogenesisassociated nuclear dynamics can initiate. Light perception triggers nuclear expansion, condensation of heterochromatic domains within 8-10 conspicuous chromocenters (red balls), increase of RNA Pol II activity, and repositioning of several light-responsive genes (yellow star) toward the nuclear periphery (64) . In darkness, pericentromeric domains and other heavily methylated heterochromatic regions remain decompacted, whereas centromeric repeats are reorganized from 4 to 5 to 8-10 small chromocenters from 3 to 5 dpi. COP1 and DET1 are essential to maintain decondensed nuclear phenotypes. Red lines represent heterochromatin containing heavily methylated DNA. Blue lines represent gene-rich euchromatin. Nu, nucleus. No, nucleolus. chromocenters appear to be largely poised in the absence of light (Fig. 7) . This developmental stage therefore represents a switch during which photomorphogenesis-associated nuclear reorganization is initiated upon light perception.
Comparison of nuclei from etiolated and green cotyledons also revealed a striking difference in the proportion of elongating versus inactive RNA Pol II forms, which suggests that nuclei switch from a partially poised transcriptional status to greater nuclear activity during cotyledon photomorphogenesis. Higher RNA Pol II activity during photomorphogenesis contrasts with its stability during Arabidopsis cell differentiation (53), but it is in agreement with the observation that RNA Pol II amounts increase with each endoreduplication cycle in Arabidopsis (53). Also, higher global RNA Pol II engagement in transcription suggests additional controls on genic transcription beyond DNA content increases. Widespread nuclear rearrangements and global increase in transcriptional activity may possibly relate to the establishment of photosynthesis and photoautotrophy in cotyledon cells, and somehow be linked to their metabolic status. Indeed, light limitations impacting photosynthetic activity trigger reversible decondensation of chromocenters in leaf cells, a process that involves cryptochrome and phytochrome photoreceptors (61) .
From Light Signals to Chromatin Spatial Organization. Independent light signaling pathways are integrated to trigger photomorphogenesis through complex transcriptional responses (62, 63) . Our study reports that developmentally controlled architectural changes in the nucleus are influenced by light signaling components, such as cryptochrome-mediated photoperception and COP1/DET1/HY5 integrators. Another recent study has elegantly shown that phytochrome B-mediated light signaling triggers physical repositioning of genes from the nuclear interior to the periphery during cotyledon de-etiolation (64) . The contribution of different photoreceptors and light combinations in these two processes remains to be determined more precisely, ideally by investigating them simultaneously in individual nuclei.
Our observations are consistent with a model in which COP1 and DET1 are essential to maintain decondensed heterochromatin phenotypes (Fig. 7) . Light perception reduces the repressive action of COP1 and DET1 on the HY5 master regulator of photomorphogenesis, and possibly on other transcription factors as well (33) . This, in turn, initiates rapid nuclear expansion and reorganization processes from 3 dpi. In addition to its regulatory role in photomorphogenesis, DET1 may also have a more direct function on chromatin through direct binding to nonacetylated histone H2B tails (65) . It is unclear whether DET1 is directly or indirectly involved in the repression of heterochromatin condensation.
Mechanistic Basis of Heterochromatin Reorganization. The mechanisms driving developmental or environmental controls of plant nuclear architecture remain to be explored (reviewed in refs. 2, 16, and 27 ). In the current work, we observed that changes in heterochromatin condensation do not associate with detectable variations in local DNA methylation levels. Furthermore, heterochromatin condensation was not a simple consequence of variations in nuclear size and associated physical constraints. Both processes are independently controlled during seedling development, as reported previously for germination (21). This result is observed at 3 dpi when cotyledon nuclei are small with globally relaxed heterochromatin, and also at 5 dpi under light conditions when heterochromatin massively condenses coincidentally to nucleus expansion. Genetic analyses finally allowed uncoupling the two parameters in a reciprocal manner: nuclei of dark-grown cop1-4 and det1-1 mutant cotyledons were found to be small while displaying large and conspicuous chromocenters.
Neither heterochromatin condensation nor nuclear expansion appeared to be a direct consequence of increased DNA content in our study. This finding is apparent first in etiolated cotyledons, in which decondensed states and dwarf nuclei were uniformly observed in vivo in nuclei displaying different ploidy levels. Moreover, whereas only around half of the nuclei underwent an additional replication cycle during photomorphogenesis, they all expanded and established conspicuous chromocenters. This observation adds to the previous report that variations in ploidy levels cannot explain the reduction in cotyledon nuclear size during germination (21). Taken together, the observations suggest that processes other than nuclear volume control, endoreduplication, and local DNA methylation changes may contribute to drive heterochromatin reorganization during the photomorphogenic transition.
Functional Relevance of Heterochromatin Spatial Organization.
Despite intense research efforts, the functional significance of higher-order chromatin rearrangements in differentiated plant somatic cells is unclear (discussed in refs. 2, 3, 8, 11, and 27) . The observations that both heterochromatin domains (present study) and individual euchromatin loci, such as light-responsive genes (64) , are subject to spatial rearrangements during photomorphogenesis indicate that genome topology is significantly modified during this transition. These findings add to the recent report that spatial clustering of FLC alleles contribute to their epigenetic repression during vernalization, a process that relies on Polycomb-based chromatin modifications (66) .
Physical relocation of light-induced genes during cotyledon de-etiolation may occur earlier than full transcriptional activation (64) . This finding suggests that gene repositioning is not just a consequence of high transcriptional activity but may instead contribute to it, possibly moving genes closer to nuclear pore complexes and increasing their accessibility to transcriptional machineries (2, 18) . Transcriptional reprogramming during cotyledon photomorphogenesis involves hundreds of genes (28, 29) , and the global extent of their repositioning capacity remains to be determined. De-etiolation kinetics revealed that nuclear expansion and heterochromatin condensation are already significant 1 h after exposure to light but still incomplete after 24 h (Fig. 2) . This time window contrasts with the reported gene expression changes during de-etiolation, which occur mainly during the first 4-6 h of light exposure and are mostly achieved long before 24 h (29, 67) . It also contrasts with rapid repositioning of light-induced genes (64) . This apparent temporal separation may underlie a limited functional impact of nuclear rearrangements on transcriptome and gene repositioning dynamics during deetiolation. Alternatively, decondensed states with fewer heterochromatic anchoring points may represent a nuclear status potentiating more topological flexibility for rapid chromatin and transcriptional reprogramming of interspaced euchromatin domains (Fig. 7) . However, at this stage we cannot exclude that subtle but functionally important heterochromatin rearrangements occur before transcriptional changes of specific genes during early de-etiolation.
Using a reporter gene-based system to assay AtGP1 TE transcriptional activity, we observed that silencing efficiency is partially released during a short developmental window upon germination and is subsequently re-established during photomorphogenesis. AtGP1 TEs are present in multiple copies within pericentromeric regions, but we have not been able to detect significant differences in AtGP1 endogenous transcript levels. Endogenous AtGP1 elements are strongly targeted by small RNAs of 21-24 nt and regulated at the posttranscriptional level (56) . This additional regulatory level may bias the detection of increased transcriptional status of these loci in vivo by lowering cognate transcript levels. Further investigations may allow the identification of TGS targets with significant loss of silencing in dark conditions.
Heterochromatin decondensation correlates with attenuated silencing independently of DNA methylation changes in several other biological contexts (68, 69) . Here, we observed that treatment with zebularine triggered much stronger AtGP1 LTR-driven GUS activity in etiolated cotyledons than in photomorphogenic ones. These observations are compatible with a model in which etiolated cotyledons with decondensed heterochromatin escape an initial poorly efficient silencing process, which would be compensated by a second more efficient and DNA methylation-dependent system. Although we cannot exclude that expression of the LTR AtGP1 transgene could also be controlled by trans-acting factors superimposing RdDM-based repression, two-layered silencing has nonetheless been identified using mutant plants for the Morpheus' molecule1 (MOM1) putative helicase (70, 71) and for the MORC ATPase (72), which are both believed to be involved in DNA or chromosomal remodeling processes. Based on these findings, it is possible that some heterochromatin loci might be sensitive to a position-dependent or condensation-dependent regulatory control during cotyledon development, a process that may relate to the observed relationship between chromatin-based repression and subnuclear positioning of multicopy transgenes (73) and of the FLC gene (66, 74) . Future studies aimed at dissecting nuclear architectural changes during photomorphogenesis should allow an assessment of the functional impact of heterochromatin organization and genome topology structuration on the reprogramming of gene expression.
Materials and Methods
Plant Materials and Growth Conditions. The det1-1 (45), cop1-4 (75), hy5-215 (76), cry1-304cry2-1 (77), phyb-9 and phya-211 (78) alleles were all in the Columbia-0 ecotype, as well as the transgenic lines LTR GP1 ::GUS (56), SDC::GUS (from Lionel Navarro, Institut de Biologie de l'Ecole Normale Supérieure, Paris, France) and 35S::H2B-YFP. The 35S::H2B-YFP line was generated by floral dipping (79) using the construct described in ref. 65 . Seeds were surface-sterilized, plated on filter papers lying on MS medium supplemented with 0.9% agar, and exposed to either a 16-/8-h (23/19°C) white light/dark photoperiod or constant conditions. White light was generated by fluorescent bulbs (100 μmol·m −2 ·s −1 ) and monochromatic lights were generated by LEDs in Cytogenetic Analyses. For DAPI staining analyses, seedlings were fixed in 4% (wt/vol) paraformaldehyde for 3 h under the appropriate light condition or under a safe green light, and treated as described in ref. 21 with few modifications (SI Materials and Methods). For DNA-FISH and 5-meC immunolocalization analyses, seedlings were fixed in Carnoys fixative (ethanol: acid acetic 3:1) for 1 h 30 min and incubated in a digestion solution containing 0.5% of cellulase (Sigma, C1794), cytohelicase (Sigma, C8274), and pectolyase (Duchefa, P8004) for 3 h at 37°C. Nuclei spread preparations and subsequent steps were performed as detailed in the SI Materials and Methods. Immunolocalization of modified histones was performed on isolated nuclei as detailed in SI Materials and Methods. Images were acquired using a confocal laser-scanning microscope (SP5, Leica) and processed using ImageJ (rsb.info.nih.gov/ij/) to measure the area of the nuclei, chromocenter numbers, and RHF with a dedicated macro or IMARIS (www.bitplane.com/imaris/ imaris) software to estimate nuclear volumes from 3D reconstructed confocal stacks. Cotyledons from at least three seedlings from two independent biological replicates and at least 100 nuclei were analyzed for each sample.
Quantification of Active RNA Pol II. Nuclei were isolated from seedlings fixed in 1% formaldehyde and used for dual immunolabeling of Ser2-phosphorylated RNA Pol II and nonphosphorylated RNA Pol II forms as detailed in SI Materials and Methods. Immunofluorescence intensities of both labeling signals and their ratio were determined for each nucleus classified according to its ploidy level as determined by DAPI detection using a MoFlo ASTRIOS cytometer (BeckmanCoulter) equipped with 355-nm, 488-nm, and 561-nm lasers (n > 5,000).
GUS Histochemical Assay. Fixation and treatment of seedlings was performed as in ref. 56 . Prior zebularin treatments were performed by growing seedlings on MS medium containing 50 μM zebularine (Sigma, Z4775).
RNA Analyses. RNA was isolated using the RNeasy Plant Minikit (Qiagen) and treated with TURBO DNase (Life Technologies). Reverse transcription was performed with the High Capacity cDNA Reverse Transcription Kit (Applied Biosystem) using oligo(dT) and random hexamers. Quantitative PCR (qPCR) analyses were performed using SYBR Green I Master Mix (Roche) using the oligonucleotides listed in Table S1 . RNA levels were normalized to the mean of AT5G13340 and AT2G36060 transcript levels.
DNA Methylation Analyses. Genomic DNA was isolated from light-or darkgrown cotyledons using the DNeasy Plant Mini kit (Qiagen). Bisulfite sequencing was performed as in ref. 56 and analyzed with CyMATE (80). Concomitant analysis of a nonmethylated locus (At5g13440) was used as internal control of bisulfite conversion (81) . For McrBC analyses, 200 ng of genomic DNA was incubated overnight at 37°C with 10 μL McrBC (New England Biolabs) or equal volumes of water as negative control. Digestion efficiency was quantified by qPCR or by semiquantitative PCR for 180pb centromeric repeats and CACTA transposable element using the HotStart GoTag polymerase (Promega). Oligonucleotide sequences are listed in Table S1 .
